A thermophotovoltaic (TPV) generator for electric vehicles has been designed and developed. In this paper we focus on the combustion system and the heat regenerator. The system has been designed to work as a range extender for electric vehicles. This solution would provide energy always available on the vehicle, which would run even if the battery level were low. Several configurations for the burner and for the heat exchanger have been investigated and a comparison of these is presented. The different solutions have been studied both theoretically and experimentally. In this paper, we report on the work carried out to build a TPV device capable of yielding 6 kW of electric power to recharge the battery pack of an electric city-car. The project has been divided into four steps: (1) pre-design of different configurations of the burner and heat exchanger using non-commercial software 'TPV Design Tool 1.0'; (2) testing of the pre-designed generators with a CFD code (Fluent 6); (3) testing of the chosen configurations on the experimental bench to validate the results from CFD simulations and to highlight technological limits of the chosen configurations; (4) selection of the best configuration. After the design and testing of the devices, a two-burner modular configuration has been proven to be a good compromise between the geometric constraints and the objectives of the project. The designed generator is relatively compact and light with good efficiency and emissions performance.
Introduction
Interest in thermophotovoltaics started in the early 1960s when the military industry began to look for alternative ways to produce electric power with direct conversion of energy, without moving parts, reducing noise and using any source of energy. It has only been in the last decade that some technological constraints, which have limited the diffusion of these devices, have been overcome and thermophotovoltaic (TPV) systems have been built [1] [2] [3] [4] [5] [6] . A TPV system is a device capable of converting heat directly into electric power. It uses the same principle of photovoltaic (PV) systems, but the main energy source is the infrared radiation of an emitter that can be heated by an external energy source such as combustion of a gas or liquid fuel, nuclear fission, the decay of a radioactive isotope or the waste heat of a furnace for glass production, etc. The main differences between TPV and PV systems are the temperature level and the distance of the source of the electromagnetic radiation. In PV systems, the sun generates an almost blackbody radiation at a temperature of about 6000 K and a distance of about 150 × 10 6 km, whereas in TPV systems the radiator emits at a sensibly lower temperature (1500-1800 K) and at a distance of the order of a few centimetres [3] (figure 1). There are several advantages to using a TPV system instead of a PV system. First of all, there is the energy density; a TPV system works with an energy density of 5-30 W cm −2 compared with 0.1 W cm −2 received by a traditional PV system. This means that, for a given electric power, a TPV system is several times smaller than a PV system and thus more practical and usable for mobile devices [1, 2, [6] [7] [8] [9] . Due to the main source of energy, the electric power generated by TPV systems is available on user demand and not dependent on the availability of sunlight; thus these systems are not limited to use during the day or linked to a battery pack or an energy buffer. Other advantages of the TPV are: low noise generation; possible use in co-generation energy system of heat and electricity; low pollution; versatile fuel usage. On the other hand, there are some disadvantages related to these devices: such as, the low efficiency of traditional TPV cells that can convert only a few per cent of the incident infrared radiation; the huge cost of the device due to the expensive materials that the system components are made of (capable of resisting very high temperatures); the fragility and instability of the system. Coutts [3, 4] has given a complete overview of a wide range of TPV systems that have been designed so far. Nuclear fuel has been considered to be employed for aerospace applications by Schock et al [10] because it has no disadvantage in the environment where it has to be used. Potentially, nuclear-TPV systems are able to replace the radioisotope thermoelectric generators by reducing the consumption of nuclear fuel on the space probes or stations up to one-third compared to thermoelectric systems. In Schock's design, the RTPV device is able to produce up to 75 W of electric power using GaSb cells. The first application of the system was for military use, for portable devices, suitable for soldiers, to be employed in different missions and to work with any kind of fuel. Diesel fuel is mostly employed for military applications, thanks to its extensive use as a fuel for vehicles and electric power generators. Scotto and DeBellis [6] have developed a prototype of a diesel-fuel-fired TPV system for portable devices in military applications. It is capable of 500 W of dc power with 8% efficiency and it operates at about 1600 K with a ceramic emitter (SiC) and GaSb cells with a power density of 2 W cm −2 . It is equipped with a heat regenerator from high-temperature exhaust gas able to boost the overall efficiency of the system. Together with aerospace [11] and military applications, other possible applications of TPV have been investigated, such as electric power generators or electric vehicles [1, 2, 5 ]. Schubnell's TPV application to residential heating systems gives an example of the potential everyday use of thermophotovoltaics in small co-generation systems that produce electricity and heat. Although this system, based on Si-PV cells, has only 5% efficiency, it is still convenient because the exhaust gas is employed to heat water for domestic use. The system developed at Western Washington University [1, 2] to power the electric vehicle 'Viking 29' is quite an interesting device. 'Viking 29' uses a compressed natural gas fuelled TPV electric generator, based on GaSb cells, to recharge the battery pack that feeds the electric motor of the car. The system is designed to generate 10 kW of dc power with a power density of 2 W cm −2 and an efficiency of 7.5% and it is smaller, lighter and more silent than dc generators powered by internal combustion engines.
Our project
In the past decades, many different solutions have been studied by car manufacturers to match two contrasting needs: performance and consumption versus low emissions. Among these different solutions, the electric vehicle (EV) has reached good results and is quite welcomed by consumers, particularly in the city, where pollution and noise have reached worrying levels. The EV has high efficiency and no onboard emissions, is easy to drive, safe and noiseless. For these features it is the best alternative to the traditional internal combustion engine (ICE) vehicles, although some problems need to be solved for its complete success and the replacement of the traditional ICE vehicle. The main problem to solve is the battery autonomy. The short autonomy and the long time taken to recharge does limit the use of this car to urban areas. One of the solutions to solve this problem is a range extender, which supplies the electric power to the car when the batteries discharge [1, 2, [7] [8] [9] . The range extender design is based on the use of multi-quantum-well photovoltaic cells [12, 13] , which, thanks to their high conversion efficiency (39% predicted for an idealized narrow emitter spectrum [11] ), provide the power needed by the electric motor and the car's accessories. This type of range extender produces electricity directly from the combustion of diesel fuel used as the main heat source and gives to the vehicle an extra-autonomy, if needed.
Because of the particular field of application of this project, many specifications are due to automotive needs of safety, performance and shape. Commercial diesel fuel has been chosen to feed the generator because of its low flash point, low vapour pressure, low flame speed and availability, which are attractive features in terms of safety and comfort of refuelling. The dimensions of the device are determined by the car boot where it has to be placed. The electric power consumption of the electric motor of the car is 6 kW, while the electric power consumption of the accessories of the TPV device and other accessories is 1 kW. The tank volume available is 2.5 dm 3 for an autonomy of 120 min working at steady conditions. To ensure good energy conversion to the cells, the working temperature of the selective emitter is 1550 K, while the cells have to be kept at a working temperature lower than 370 K to prevent damage and to achieve the best efficiency. Because of its particular destination, the S263 Figure 2 . System layout: 0, filter, (1) fan, (2) electric motor, (3) ignition system, (4) tank, (5) fuel pump, (6) ECU, (7) regenerator, (8) burner, (9) cooling system, (10) catalytic converter.
outer surface temperature of the system must be kept at a maximum operating temperature of 330 K for safety reasons and thus a thermal insulation of the external surface has been designed also to increase the efficiency of the system by reducing the energy wasted. For safety and to increase system efficiency exhaust gas temperature must be kept as low as possible as well. Another important issue is the pollutant emissions that have to match the EU regulations for passenger cars.
Technological choices
The chosen material for the combustor body is a highdensity, recrystallized silicon carbide (AD-SiC), which resists mechanical stress up to 220 N mm −2 , has a density of 3.05 g cm −3 , no porosity and a notable heat conductivity (over 100 W m
. This advanced ceramic material resists very high temperatures (up to 2000 K), preserves good mechanical properties from thermal shocks and contains thermal expansion in comparison with metals. AD-SiC is also gas-proof so the cells are protected against contamination from the combustion products. The whole combustor, with the exception of the cell zone, is insulated to increase the thermodynamic efficiency of the system. The cell zone is cooled by a water jacket to keep the optimal working temperature. To limit the heat transferred by convection, the volume between the emitter and the cells has been divided into three sections by two quartz windows, transparent to the infrared radiation, which limit the thickness of the air cavity to prevent the formation of Bernard cells, thus reducing the heat transferred by natural convection. The combustion system supplies thermal power to keep the radiator at a temperature of about 1550 K, high enough to ensure high conversion efficiency to the cells.
With reference to figure 2, the air used for combustion is filtered (0) and compressed by a small fan (1), moved by an electric motor (2) . Furthermore, the air passes through an air-to-air heat exchanger (7) that increases the temperature of the inlet air up to T 0 = 1000 K, by using the exhausts from the burner (8) . The burner is equipped with some temperature sensors and the fuel injection system comprises a 2.5 dm 3 tank (4), the fuel pump (5), the electronic control system (6), the injector and the ignition system (3). A water-cooling system (9) refrigerates the cells at their working temperature (330 K) to prevent damage. The exhaust gases after the heat exchanger go to a catalytic converter (10) . Upstream of the catalytic converter, a lambda probe ensures a feedback signal to the electronic control system (ECU) to adjust fuel flow rate.
Investigated configurations
Due to the technical specifications of the project, several solutions and arrangements of the system have been considered and analysed. In this section, three of the best configurations examined are specified.
Single burner with integrated heat exchanger
A concept design of a single burner with an integrated heat exchanger has been developed to ensure a compact shape with a high efficiency of the combustion system. In theory, this combination can pre-heat the inlet air by means of both the inner side of the flame, by convection and radiation of the flame and by the hot exhaust exiting from the upper side of the module. As seen in figure 3 , the air pre-heater (N) is built inside the combustion chamber (P) and is made of AD-SiC, as the combustor body (B), to ensure high thermal resistance with good thermal conductivity. The fuel injector and the spark plugs are placed at the bottom of the combustion chamber. In this way, the flame propagates from the bottom of the burner and the hot gas exits from the top. This configuration has obtained good results in CFD simulations. The design of the system is compact and light at the same time, ensuring good temperature uniformity on the emitter surface, which is one of the main goals of the project. In fact, the temperature uniformity on the radiator surface is important to provide constant and optimal heat radiation to the cells in order to provide good energy conversion efficiency. As for its application, this configuration has shown some drawbacks. For one thing, the design complexity of the components made of AD-SiC and of the injection system makes this device very difficult to build. Another issue is that the main part of the thermal power used to pre-heat the inlet air is supplied directly by the flame inside the combustion chamber. This is useful to pre-heat the air, but is not convenient from an exergetic point of view because the inlet air is mainly pre-heated by high-temperature gases, thus producing a fast degradation of energy.
Modular burner with cross-flow heat exchanger
To increase the second law of thermodynamic efficiency of the burner, a two-module configuration has been proposed for the combustion unit ( figure 4) . This solution has some advantages compared to the single burner. It is scalable in power, which means that the system can be upgraded according to customer needs by adding or subtracting new modules; it is less brittle and stronger; in case of failure, the generator continues to run at partial load since it is improbable that a failure occurs to all modules; it adjusts easily to the dimensions of a car boot. In this arrangement (figures 4 and 6) the combustion air from the heat exchanger enters the burner via the central hole so as to feed the flame. The hot gases are pushed against the combustor external walls (so as to heat them, as shown by arrows in figure 6 ) and expelled through the exhaust hole concentric to the inlet hole. This configuration allows us to heat the radiator walls more uniformly and to reach steadystate conditions more quickly. The selective emitter is fixed on the combustor external surface. Two quartz windows are placed concentrically to the combustor body so as to have three thin air cavities separating the emitter surface from the cells. This solution limits the natural convection, but not the radiation (quartz is transparent to infrared radiation) and the heat conduction is negligible because of the low thermal conductivity of the air. The cells arrays are equipped with a water jacket for cooling the surface. The components of the combustor unit are joined by a frame and thermally insulated. This concentric cylindrical configuration for the cellemitter system guarantees a calculated view factor of 0.912 (equation (2)) for the radiation phenomenon and a ratio between the radiated energy flux and the chemical energy of the fuel of 63% (efficiency of the burner-emitter system in table 1).
In this arrangement the combustor has been coupled with a crossed and counter flow heat exchanger (figure 5) like that already used by Seal et al [1] and Christ and Seal [2] . It is a compact heat exchanger obtained by the superposition of metallic layers so as to have alternate rectangular ducts in which the cold and hot gas flow in crossed directions. The alternate arrangement of the hot and cold flows makes it possible for the hot flux to be surrounded by the cold flux on the upper and lower duct and vice versa, ensuring good performance. This solution gives a good heat exchanger effectiveness (up to 70%) and low pressure drop, even if the complexity of the regenerator shape and the poor welding characteristics of the high-temperature resistant alloys make the regenerator difficult to build.
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Modular burner with rotary heat exchanger
The last arrangement examined is modular with a rotary heat exchanger (figures 6 and 8). The rotary regenerator working principle is shown in figure 7 . This type of regenerator is a storage-type heat exchanger in which the same flow passage is alternatively exposed to hot and cold gas flows. The hot gas stores the thermal energy in the matrix while, during the cold gas flow through the same passage, after a half turn, the energy stored is transferred from the matrix. This cyclic behaviour is due to the rotation of the matrix. During its rotation, if a section of the solid matrix is in the cold stream (1-2, figure 7 ) it loses thermal energy; otherwise if it is in the hot stream (3-4, figure 7 ) it gains energy and so on, in a periodic way. The combustor module is the same as described before, but the heat exchanger is a metallic rotary heat exchanger purposely designed. This solution can generate a good heat transfer between the hot and cold gas in a very compact volume (one of the goals of the project). Although this heat exchanger comprises several components (figure 8), it is smaller in size and lighter and offers a large exchange surface-to-volume ratio. The fuel injection duct inside the heat exchanger has been equipped with a thermal insulator, but during the bench tests carbon depositions have created some operational problems for the injector. This can be avoided by equipping the injection system with a water-cooling system capable of cooling the diesel fuel under its reforming temperature in its passage at high temperature inside the heat exchanger. The regenerative heat exchanger has been designed using the software 'TPV Design Tool 1.0' developed by the CREA group at the Department of Engineering for Innovation, University of Lecce. The heat exchanger design module of this software uses the simplified model developed by Klein and Eigenberger [14] to calculate the regenerative heat exchanger matrix. The regenerative heat exchanger designed is represented in figure 8 . The switching time is t = 6 s, which is a time that maximizes the effectiveness of the heat exchanger. Under such conditions, the flow rate of the recirculation of hot or cold gas, trapped in the duct volume during the switching phase, is calculated to be 0.265%, at the chosen switching time, referred to the main gas flow rate and hence negligible. Figure 9 plots the gas and duct temperatures along the duct. The variables of the phenomenon time (τ ) and duct coordinate (ζ ) have been adimensionalized by referring to the period of the rotation of the matrix disc (2 t) and the length of the duct (Lr = 32 mm), respectively: τ = t/2 t and ζ = z/Lr. In figure 9 (a) the temperatures of cold gas and solid matrix along a single duct are shown at the given switching time. The temperature of the gas increases from the cold gas entrance in the duct (ζ = 1) to the cold gas exit (ζ = 0) from 300 K (inlet air temperature) up to 1000 K. In figure 9 (b) the temperatures of hot gas and solid matrix along the duct are shown at the switching time. The temperature of the gas decreases from the hot gas entrance in the duct S266 New approaches to the design of the combustion system for thermophotovoltaic applications (a) (b) Figure 9 . Graphs of (a) cold gas (T1g) and matrix (T1s) and (b) hot gas (T1g) and matrix (T1g) temperatures (K) along the duct.
(ζ = 0) to the cold gas exit (ζ = 1) from 1275 K (the estimated gas temperature upstream of the heat exchanger hot gas access) down to about 550 K. The effectiveness of the designed rotary heat exchanger has been estimated to be η r = 75.2%. Figure 10 shows the plot of ε versus the number of thermal units (NTU) for the designed heat exchanger. ε is the heat exchanger effectiveness defined as the ratio of the actual heat power exchanged to the maximum exchangeable heat power (ε =Q/Q max ). NTU is an adimensional number defined as NTU = UA/C min where U is the global heat exchange coefficient, A is the heat exchange surface area and C min is the minimum heat capacity referred to the unit of time. It is assumed that a regular steady-state periodic condition is established and that wall thermal resistance in the matrix wall thickness is zero in the transversal direction and not in the flow direction. No mixing of cold and hot gas occurs during the switching from hot to cold phase and vice versa. Another important hypothesis is that the flow rate of the recirculation of hot or cold gas, trapped in the duct volume in the switching phase, is negligible compared to the main gas flow rate. The plot has been obtained considering the ratio between the heat capacity of the two fluxes inside the heat exchanger (C min /C max = 1) and varying the duct length (Lr) and thus the NTU parameter. The designed heat exchanger has NTU = 3.082 for the designed duct length (Lr = 32 mm). It is evident that for a higher value of NTU the effectiveness increases. At about NTU = 10 the effectiveness does not increase very much and it is useless to increase NTU and thus the matrix disc thickness. The increase in volume and weight to raise the NTU value from 3.082 to 10 yields an increase in effectiveness of only about 10%. No relevant variations have been observed for the ε-NTU curve by varying the switching time t in the range of variation of the stepping motor.
Epsilon-NTU
Energy flux and efficiency
The study of the energy fluxes, as shown in figure 11 , and efficiency of the components of a TPV generator is significant in the design of the system to locate the main losses [15] . In the development of TPV systems, Lindler and Harper [16] have shown the importance of pre-design calculations to predict the energetic behaviour of a TPV system to prevent waste of energy in a system very sensitive to the decrease of efficiency. Thus, with the help of the non-commercial software 'TPV Design Tool 1.0', some calculations and considerations have been made about the heat fluxes inside each module of the system and the efficiency of the components of the device. The optimal air mass flow rate to obtain a complete combustion with high flame temperature is close to the stoichiometric one with a combustion ratio (air mass flow rate to fuel mass flow rate) α = 20-24. This limits the combustion energy wasted to heat inert air, which does not take part in the combustion. Because of the particular shape of the combustion chamber, a fraction of the intake air entering the combustor does not take part in the combustion, but is recycled with the exhausts (figure 6). It has been calculated that approximately 30% of the inlet air is recycled and so this amount has been taken into account in the energy balance of the system. For this reason, the calculated theoretical mass flow rate of the combustion air into the burner has to be increased for the energy and mass balance of the heat exchanger. Thus, the temperature of the inlet hot gas into the regenerator is lower than that without recirculation. The expected supply air temperature for the burner is around 1000 K to save fuel and increase efficiency.
With the symbols of table 1, the energy fluxes and efficiency of the system elements are calculated as follows. The chemical energy of the fuel (Q diesel = 12.157 kW) is converted for 24.5% into dc power by the TPV generator and the rest is wasted by the exhausts ((Q ex − Q in )/Q diesel = 0.203), by heat dispersions and by the cooling system for the cells (Q dis /Q diesel = 0.552). Thanks to the regenerator, a large fraction of energy of the exhausts (heat exchanger effectiveness S267 ε reg = 75.2%) is recovered by pre-heating the combustion air. The radiated energy from the selective emitter to the cells has been calculated under the following hypotheses: (a) uniform physical and thermal properties; (b) uniform spatial distribution of the emitted energy; (c) negligible reflections from the surfaces of the system. The value of 0.188 for the total average emissivity ε r of the ErAG-coated emitter has been calculated by integration of the experimental spectrum in the wavelength range of 800-4700 nm for a temperature of 1550 K [17] according to equation (1):
The value of the view factor f = 0.912 (defined as equation (2) with the symbols of figure 12 ) used in the calculation of the radiative energy flux has been calculated for the case of concentric finite length cylinders configuration with no reflectors, where surface 1 is the inner cylinder (e.g. the selective emitter surface) and surface 2 is the outer cylinder (e.g. the cells surface):
This value, according to equation (3) , yields the lowest radiated energy flux between the emitter and the cells and it has led to a calculated radiated energy of 7.63 kW from the emitter towards the cells:
Thus the efficiency of the burner-emitter system reaches a calculated value of 63%. Further calculations have shown that the use of reflectors can improve the performance of the system of the order of 2%. In table 2 a comparison of the performance of four TPV systems is shown. The system presented in this paper is the first to use multi-quantum-well cells. Using traditional Si cells, the reachable overall efficiency of the system is about 5% [5] , while with GaSb cells the overall efficiency is around 8% [1, 2, 6] . With multi-quantum-well cells an overall efficiency of around 25% is possible, if the experimental data can confirm the expected high-energy conversion efficiency of such cells [10, 11, 13] .
Conclusions
A combustor-regenerator system for a TPV generator working as a range extender for electric vehicles has been designed and built. To improve the system performance and efficiency, two steps have been taken: increasing the combustor-regenerator efficiency and increasing the emitter-cell efficiency. The optimization of the combustion system has been achieved by studying the thermo-fluidynamic model of the combustion chamber and identifying the dominant parameters of the phenomenon: chamber geometry, fuel injection, mass flow rate, etc. The heat exchanger optimization was obtained by substituting the matrix material with a ceramic material that is lighter than metal and with a greater heat capacity that is relevant to store a high value of energy. With a ceramic matrix it is possible to obtain a greater porosity and thus a greater surface for the heat exchange with a reduction of volume and weight, very critical for the application of this project. The performance of the system can be improved with better tuning of the components. To achieve this objective, new features have been added to the non-commercial software 'TPV Design Tool 1.0' so as to have a general purpose tool for TPV design and optimization. Even if the fuel injection duct inside the heat exchanger has been equipped with a thermal insulator, carbon depositions have yielded some operational problems for the injector. This has been avoided by equipping the injection system with a water-cooling system capable of cooling the diesel fuel under its reforming temperature. A final system efficiency prediction of 24.5% has been calculated. The calculations have been made with idealized values for some system components (selective emitter and quantum well cells subsystem in particular) because further experimental investigations are needed for the emitter-cell system.
